The quantitative synthesis of four silicon and germanium compounds with the clathrate-II structure,
INTRODUCTION
The electronic revolution has brought great changes in every aspect of today's life. Undoubtedly, these changes were possible because the Si-and Ge-based electronic devices allowed miniaturization, functional integration, and low cost. However, the relatively small and indirect band gaps of the bulk Si and Ge make them unsuitable for many other potential applications. The dipole forbidden optical transition across the indirect energy gap hinders the lightemitting e$ciency, limits large-scale optoelectronic integration, and prevents the realization of novel concepts. Considerable scienti"c attention has been focused on altering the electronic structure of these elements by introducing heteroatoms into the crystal structure, i.e., by doping them with appropriate elements to overcome the low radiative recombination probability (1) . Extensive e!orts for band structure engineering have focused on changing the bonding geometry, i.e., breaking the symmetry or the crystal periodicity (2) . Recent developments in this area have led to fabrication of structures that are small enough to exploit quantum con"nement e!ects and to show an increased radiative rate by emitting light at room temperature (3) .
Ever since, semiconducting nanocrystals and porous materials have been extensively studied. It has been shown by theoretical calculations (4) and con"rmed by experimental work (5) that making openings in the semiconducting structures widens the band gap and causes both valence and conduction bands to have extrema at the zone center. This brought to light the idea of making phases of group 14 elements with open framework structures, which are possible candidates for such optoelectronic applications.
It is not a simple task, however, to realize this idea in the case of silicon and germanium. They both crystallize in cubic face-centered diamond-type lattices and form two of the most stable and rigid covalent crystals known. Possible graphite modi"cations of Si and Ge are unstable and have never been experimentally prepared. Other structures can be achieved under high pressure, where transition from a four-to six-coordinated state occurs, and the semiconducting diamond-type lattice converts to a metallic -Sntype phase (6) . To the best of our knowledge, expanded structures containing solely Si or Ge do not exist. The only open framework structures of Si and Ge are the so-called clathrates*inclusion compounds with open three-dimensional frameworks, made of tetrahedrally coordinated silicon or germanium atoms and voids that are occupied by alkali and alkaline-earth metals.
BACKGROUND
The story of the clathrates begins as early as 1811 when the "rst scienti"c report on a chlorine}ice compound with unidenti"ed nominal composition that had earlier been thought to be crystalline chlorine appeared in the literature (7) . Twelve years later M. Faraday revised the data and determined the stoichiometry to be Cl (H O) (8) . It was another 148 years before the structure and the correct formula (Cl (H   O) ) were determined (9) and the compound was described as a three-dimensional network of fused large polyhedra incorporating channels and cages occupied by the &&guest impurities.'' Meanwhile, a large number of similar compounds were synthesized (e.g., G (
, where G"Ar, Kr, Xe, H S, Cl , CH , and
where G"H S, CO , CHCl , n-propane, nitromethane, cyclopentane, etc.) and were called gas and liquid hydrates (double hydrates) or often referred to as type I and type II clathrates, respectively. Almost a decade later, in 1965, the "rst clathrate compounds of Si with sodium were synthesized by &&controlled thermal decomposition of the Zintl phase NaSi'' and were structurally characterized (10) . These compounds were Na Si and Na V Si , with the latter reported to be a nonstoichiometric phase with metal content varying between 3 and 11. The discovery of the silicon clathrates also stimulated more interest in compounds of C, Ge, Sn, and Pb with alkali metals. E!orts in this direction led to the discovery (1969) of the "rst germanium and tin clathrates of type I, K Ge and K Sn , synthesized by direct fusion from pure elements (11) . Since then, much experimental and theoretical work has been devoted to the clathrates of group 14 with alkali/ alkaline earth metals. By 1991 5 binary and 17 ternary phases with clathrate-I structure and only 3 nonstoichiometric clathrate-II phases were reported (12) . Theoretical calculations done in the late 1980s revealed that hypothetical carbon modi"cations with clathrate structures would have only about 0.07}0.09 eV less cohesive energy per atom than the diamond phase (13) . Later, when ab initio DFT planewave pseudopotenial methods were used, similar results were obtained for Si and Ge; i.e., Si and Ge clathrates are slightly less stable by about 0.07 and 0.05 eV per atom, respectively, relative to bulk pure elements (14) . Thus, clathrates made of group 14 elements started to attract greater attention, and in the past 9 years the number of compositions with clathrate-type structures has increased by a factor of 2. There are now more than 50 phases with such structures reported, the vast majority of them being clathrate-I (Table 1) . So far, there are no clathrates of carbon or lead known. For carbon, the reason is most likely its tendency for strong -bonding and the possibility of forming polyhedra of even larger sizes such as the fullerene-like C and the alkali-metal-doped A C (15). For lead, perhaps the more pronounced metallic properties prevent the formation of localized covalent bonds as required for the clathrates.
The stoichiometries of the two types of clathrates do not di!er much. When normalized, their ideal (completely "lled) chemical formulas are AX and AX , for clathrates-I and -II, respectively. Structurally, however, they are noticeably di!erent.
The prototypes of the clathrate-I structure are the gas hydrates with stoichiometry G (H  O) , where G"Ar, Kr, Xe, H S, Cl , CH , etc. Clathrate-I phases crystallize in primitive cubic lattices (space group Pm3 n, No. 223). The 46 clathrand atoms (oxygens from the water in this case) are all tetrahedrally coordinated and their arrangement in the unit cell is such that one can de"ne two polyhedra of di!erent sizes: one is a 20-atom pentagonal dodecahedron [5] , and the other is a 24-atom tetrakaidecahedron [56] (the symbol [56] denotes a polyhedron with 12 pentagonal and 2 hexagonal faces). The guest atoms or molecules can be encapsulated into these cages if their sizes are comparable to the size of the available empty space. Another feature of this structure is that the tetrakaidecahedra create a system of three mutually perpendicular &&channels'' by sharing common hexagonal faces. Three pairs of channels enclose the smaller dodecahedra and separate them from each other, as shown in Fig. 1 . It is important to note that there are eight cages per formula unit, two smaller and six larger, and therefore the clathrate-I formula can be written as G G X , where X denotes the clathrand element (group 14 element or water molecule), and G and G stand for the atoms/molecules occupying the [5] and [56] Clearly, the molecules in this case are larger than the &&guest species'' in the clathrate-I structures. The framework-building atoms are again four-bonded in a nearly ideal tetrahedral environment and also form two di!erent polyhedra. The key di!erence is that here, in addition to the pentagonal dodecahedron [5] , the second-type polyhedra are built of 28 atoms, hexakaidecahedra [56] , that have 12 pentagonal and 4 hexagonal faces (Fig. 2) . They are linked to each other by their hexagonal faces, forming a diamond-like structure. The smaller pentagonal dodecahedra are not isolated as in the clathrate-I structure but are rather linked through common faces to form layers. The latter are stacked in an ABC sequence typical of cubic close packing, as shown in Fig. 2 . The ratio of smaller to larger cavities in clathrate-II is 16 : 8 and therefore the formula can be written as G G X . An analogy can also be drawn between the zeolites and the clathrates*the latter often being referred to as &&zeolites without oxygen'' or &&oxygen-free zeolites'' (14) . Because of the many ways of linking SiO tetrahedra in the zeolites via the rather #exible Si}O}Si angle, there are a great variety of zeolite structures, both naturally occurring and experimentally synthesized. Formal removal of the oxygen, i.e., replacement of the X}O}X bonding (X"Al, Si, Ge) with direct X}X bonds while preserving the tetrahedral coordination, and appropriate &&rescaling'' of the unit cell would result in the formation of isomorphous open frameworks. The bond energy of Si}Si or Ge}Ge is such that stretching the bonds and bending the angles are no longer favorable, and as a result, there are only two types of silicon or germanium clathrates, clathrate-I and clathrate-II, known thus far. Their structures are analogous with the structures of the melanophlogite and zeolite ZSM-39 (MTN or Dodecasil 3C), respectively. Another very important difference between the zeolites and the clathrates is that there are zeolite structures that are stable upon removal of the atoms or molecules occupying the channels and cages, whereas the clathrate structures collapse upon removal of the alkali metals.
According to Table 1 , so far there are seven binary or pseudo-binary compounds between alkali metals and group 14 elements with the clathrate-I structure: Na Si , K Si , K Ge , K Sn , Cs Sn , Rb Sn , and K Cs Sn . The phase Na Si was initially recognized from a X-ray powder di!raction pattern (10) . Based on structure re"nement and bulk elemental analysis (Na : Si+1 : 6), the stoichiometry was determined to be 8 : 46 (1 : 5.75), in agreement with the ideal stoichiometric ratio and the measured metallic-like electric resistivity with room temperature values on the order of 10\}10\ -cm. Recently, the ideal stoichiometry for Na Si was con"rmed by Rietveld analysis and Si NMR work (16) . The "rst single-crystal re"nements of the clathrate-I structure were done on data collected with a Weissenberg camera for potassium compounds with Si, Ge, and Sn and were also re"ned as 8 : 46 (11) . The latter led to a con#ict with the reported semiconducting properties of K Ge ( +10\ -cm), a compound that had been thought to be isoelectronic with Na Si . The accuracy of the stoichiometry and the structure determination have been questioned ever since. The formal electronic structure can be derived from the Zintl}Klemm}Busmann concept; namely, each alkali metal atom is merely an electron donor and transfers its valence electron to the ¹t (¹t"Tetrel, i.e., group 14 element) network to become a cation. Each Tt, on the other hand, is bonded to four other Tt atoms and is therefore neutral. Thus, the clathrate-I phase with ideal stoichiometry 8 : 46 should be a conductor because of the eight extra electrons per formula from the eight alkali metals. Nevertheless, as mentioned above, property measurements suggest that the clathrate-I phases can be diamagnetic and semiconducting instead of metallic. For a long time A Tt compounds were considered examples of the metal-to-insulator Mott transition (17). However, the explanation for these properties is the formation of defects in the four-bonded Tt network (18}20). A missing Tt atom will leave the four neighboring atoms with incomplete valence shells; i.e., four extra electrons will be needed to complete their octet con"gurations with lone pairs. Two vacancies per formula will translate to 2;( !4)" !8 negative charges, and this equals the number of donated electrons by the eight alkali metals. Thus, the compound becomes electronically balanced and provides a nice agreement between experimental data and theory. Only more recent single-crystal work on clathrate-I compounds in the binary Rb}Sn and pseudo-binary (K,Cs)}Sn systems has shown that indeed one of the framework sites is partially occupied, and the stoichiometry A Sn ᮀ represents the correct and electronically balanced formula for a Zintl compound with two Sn vacancies (ᮀ) per formula (21) . Another way to balance the &&extra'' charges from the alkali metals is to substitute Tt atoms from the network with an electronpoorer element, from group 13 or 12, for example. This idea has been widely used in the past 10}15 years to make new ternary phases with the clathrate-I structure. [AE] V ¹t that neither "t into the above-mentioned scheme nor ful"ll the Zintl requirements.
Even more complicated and di$cult for interpretation are the compounds with the clathrate-II type structure. Until recently, only the nonstoichiometric Na V Si and Na V Ge phases were known in the binary A}¹t systems (10, 22) . Initially, for Na V Si , the sodium content x was reported to vary between 3 and 11, but later the range of the domain compositions was broadened to lower (x"1) and higher (x"23) concentrations (16, 23) . There have been speculations that this nonstoichiometric phase also undergoes insulator-to-metal Mott transition at x+10 (22}24). Later, it was shown by Na NMR that the transition can occur, even at x(9 (25) . The same authors also suggested that the large Na Knight shifts and broad NMR peaks for Na V Si at x(9 can be attributed to localized alkali metal electrons. Also, the Na V Si structure was re"ned from Xray powder di!raction with the aid of the Rietveld method to determine the distribution of the sodium atoms within the two available alkali metal sites, i.e., the centers of the pentagonal dodecahedra and the hexakaidecahedra (16, 23) . It was concluded that, for x48, the Na atoms occupy preferably the larger [56] cage. Unlike clathrate-I, substitution of the ¹t atoms with triel and other elements has not led to as many ternary compounds. Only the structure of Ba Ga Sn has been reported but with extensive disorder of Sn and Ga on all crystallographic sites (26) . The structure re"nement has given the composition Ba Ga V Sn \V , where x"32$1.4, and no indication for potassium content, although the reaction mixture includes K, Ba, Ga, and Sn. The re"nement indicates that the Ba cations occupy only the smaller cages while the larger ones remain empty. No elemental analysis, resistivity, or magnetic measurements have been done to prove the authors' conclusion that the compound is electronically balanced and belongs to the Zintl phases. Until very recently, there was no unequivocal structure determination for compounds with the clathrate-II structure. The "rst well-re"ned structures and reproducible direct syntheses were reported for the stoichiometric and completely "lled silicon and germanium clathrate-II compounds Cs Na Si and Cs Na Ge (27) . The interest in clathrates jumped abruptly even higher after the unexpected discovery of superconductivity in the clathrate-I compounds Ba W Na V Si and Ba Si (28, 29) . It was unprecedented because no other examples of superconductivity were known for phases with covalent sp bonding. More recent research showed that the silicon clathrates have low compressibility and therefore are considered potential superhard materials (30) . In addition, it was hypothesized that variable physical properties such as the Seebeck coe$cient or thermopower (S) and the electrical ( ) and thermal ( ) conductivities may be tuned by altering the guest atoms in the cages. This brought new motivation for clathrate studies as potential thermoelectric materials. The stability of the clathrates, the fact that they conduct electricity relatively well, and the possibility of &&rattling'' guest cations in the cavities bring the clathrates closer to the ultimate thermoelectric PGEC (&&phonon-glass and an electron crystal'') material, a concept introduced by Slack in 1979 (31) . To increase the "gure of merit Z¹, an empirical coe$cient that measures the thermoelectric performance (¹"temperature and Z" S/ ), one needs material with high thermopower and low thermal conductivity. The latter has two components*thermal electronic conductivity that is proportional to the electrical conductivity (no more than 5% of the total ) and lattice thermal conductivity. Clearly, since the electrical conductivity and the electronic component of the thermal conductivity cannot be varied independently, a higher "gure of merit can be expected for material with low lattice thermal conductivity. Si and Ge clathrates are considered promising candidates for thermoelectric applications since their relatively large unit cells with &&voids and rattlers inside them'' are important prerequisites for scattering of the heat-carrying phonons and thereby for low phonon-contributed thermal lattice conductivity. All this interest has led to the search for reliable and reproducible ways for the synthesis of all clathrates in high yields and with de"ned stoichiometry. Here, we report the direct synthesis of four new members of the clathrate-II family, Cs Na Si (1), Cs Na Ge (2), Rb Na Si (3), and Rb Na Ge (4), their single-crystal structural characterization, and magnetic and transport properties.
EXPERIMENTAL
Synthesis. All manipulations were performed inside a nitrogen-"lled glove box with the moisture level below 1 ppm (vol). The starting materials were Na (Alfa, ingot, 99.9% metal basis), Cs (Acros, 99.95%), Rb (Alfa, 99.8% metal basis), Si (Alfa, lump, 99.9999% metal basis), and Ge (Acros, powder, 99.999%). The sodium surface was cleaned with a scalpel immediately before use. The four compounds were synthesized from reactions loaded with the exact stoichiometric ratio 8 : 16 : 136 and intended to yield clathrate-II phases. The mixtures were loaded in niobium containers that were subsequently arc-welded in an Ar-"lled chamber. The prepared &&reaction vessels'' were then sealed in fused silica jackets under vacuum at ca. 10\ mm Hg (below discharge). The reactions were carried out at 6503C for 3 weeks. At higher temperatures Si and Ge readily react with Nb, forming the stable phases NbSi and NbGe , and this causes leaks of alkali metals into the silica container. At 6503C neither Si nor Ge melts, and therefore, more time was needed to ensure better di!usion of the alkali metals into the silicon and germanium for this inhomogeneous system (32) . The products of both reactions were well-shaped crystals with triangular faces, typical of compounds with F-centered cubic lattices, and had a distinctive bluish metallic luster. The yields were quantitative and the crystals were easily washed with deionized water and ethyl alcohol and separated under a microscope from the traces of unreacted dustlike Si and Ge or eventually NbSi and NbGe .
X-ray diwraction studies. X-ray powder di!raction patterns were taken on an Enraf-Nonius Guinier camera with CuK radiation. Powder patterns of the product, before and after it was washed with water or heated under dynamic vacuum, did not show any di!erences in the line intensities and positions. The patterns were also used to verify the unit cell parameters by a least-squares re"nement of the 
positions of the lines, calibrated by silicon (NIST) as an internal standard. Single-crystal di!raction data were collected on an EnrafNonius CAD-4 di!ractometer with graphite monochromated MoK radiation at room temperature. A few crystals were selected from each compound, mounted on quartz "bers, and checked for singularity.
absorption using the average of three -scans in each, while the data for 4 were treated with DIFABS (Xabs) due to the lack of good -scan re#ections. The structures were solved and re"ned on F with the aid of the SHELXTL-V 5.1 software package (33). As expected, the re"nements con"rmed the clathrate-II structure and stoichiometry (Fd3 m space group (No. 227)) without any partially occupied network sites or disorder for the alkali metals sites. Our previous work on 1 and 2 revealed that the re"nements on the data collected for crystals before and after being treated with water, alcohol, acids, and heat and being treated hydrothermally are virtually identical (27) (within the standard deviation of less than 2.2 ). The list of important crystallographic parameters and details for the re"nements of the four compounds are summarized in Table 2 . The "nal positional and equivalent isotropic displacement parameters and important distances are listed in Tables 3 and 4, 
Four-probe resistivity measurements (van der Pauw's method) were made on single crystals and pellets using a home made set up and Hewlett-Packard 3457A digital multimeter. Thin platinum wires (1 m in diameter) were &&glued'' inline to the surface of the measured material with a silver paste. The crystal or the pellet with the attached probes was then mounted on the top of a chip, which was then connected to the multimeter with the aid of four coaxial wires. Reliable and reproducible data can be acquired within the resistivity range from 100 M to 100 . The pellets for the measurements were prepared from carefully picked single crystals, which were then ground and pressed under a pressure of 100 ton in a -in. die at room temperature and at 2003C. Only a cold-pressed pellet was measured at di!erent temperatures in the range of 10}300 K. It revealed progressively diminishing resistivity with decreasing temperature, which indicates metallic-like behavior. Nevertheless, due to the grain boundaries, the measurements at room temperature of this pellet were 2 orders of magnitude higher than those of the hot-pressed pellet and the single crystal. For the latter, on the other hand, measurements could be done only at room temperature because the resistivity of the samples went out of the range of the digital multimeter when the temperature was lowered. Independent conductivity measurements were also performed on monodisperse (particle size within the range of 250}425 m) selected single crystals of Cs Na Ge using a standard, high-frequency, contactfree Q-technique.
The thermopower of a hot-pressed pellet of Cs Na Si was measured by using a steady-state technique over the temperature range 70}300 K.
RESULTS AND DISCUSSION
The unit cell parameters of the two Si clathrates, a"14.7560(4) and 14.7400(4) A s for Cs Na Si and Rb Na Si , respectively, are slightly larger than those reported for the nonstoichiometric Na V Si phase (1(x(23), a"14.6428(4) and 14.7030(5) A s for the lowest and highest sodium content, respectively. The latter are consistent with the suggested increase of the unit cell parameters with increasing alkali metal concentration (23) . Theoretically optimized values for imaginary empty clathrate-II structures range between 14.46 and 14.86 A s , depending largely on the computational method, and cannot be used for comparison (34) . For the Ge analogs, on the other hand, only a theoretical value of a"15.13 A s for the empty Ge ? ; is de"ned as one-third of the trace of the orthogonalized ; GH tensor. @ The occupancies of each site were freed while the remaining were kept "xed. structure is available (35) . Practically no other data, except the brie#y mentioned but not further discussed phase Na V Ge with a"15.4 A s , are known for the germanium type II clathrates (22) . The calculated lattice parameter for the empty germanium clathrate is somewhat smaller (2.3% error) than the experimental values of the completely "lled compounds, a"15.4805(6) and 15.4858(6) A s for Cs Na Ge and Rb Na Ge , respectively. At the same time, the energy di!erence between the structure with the experimental coordinates and the one with optimized coordinates is only 1.3 meV/atom (35) .
The structure re"nements for all four systems unambiguously show that there are no partially occupied positions, both at the network and at the alkali metal sites (Table 5) . Varying the occupancies of any Si or Ge site while keeping the remaining ones "xed does not lead to deviations of more than 2.2 . Larger deviations (up to 5 ) were observed for the two alkali metal sites for all four clathrates. At the same time, their equivalent isotropic displacement parameters (; ) tended to increase slightly (within less than 2.5 ) with varying site occupation, which can be attributed to either static disorder or vibration of the atom about its equilibrium position. The re"nements with fractional occupancies or disorder of the alkali metal sites did not improve the overall structural parameters, and therefore the "nal leastsquares cycles were done with 100% occupancies of all crystallographic sites. Since the data sets for Cs Na Si and Cs Na Ge were collected up to 2 "903 and 1003, respectively, while those for Rb Na Si and Rb Na Ge were collected up to 503, the accuracy of the Cs compounds is clearly better.
The re"nements con"rm that the completely "lled clathrate-II structure is rigid and invariant with respect to the size of the cation. The Si}Si distances range from 2.3584(4) to 2.3924(5) A s for 1 and from 2.362(1) to 2.395(1) A s for 3. The corresponding ranges for the Si angles are from 105.52(1)3 to 119.842(2)3 in 1 and from 105.44(3)3 to 119.836(5)3 in 3, the largest angles occurring at the sixmember rings of the hexakaidecahedra. For the Ge compounds, the Ge}Ge distances range from 2.4859(7) to Ionic radii for the alkali metals for CN"6: Na"1.02, K"1.38, Rb"1.49, Cs"1.70
? Calculated based on the shortest A}¹t distances by subtracting the corresponding van der Waals radii for the Si, Ge, and Sn, respectively.
@ The values are those of Shannon and Prewitt (62), calculated for oxides (based on the value 1.40 A s for six-coordinated O\). A certain allowance should be made due to the di!erent coordination numbers of the alkali metal cations in the clathrate cages.
2.5033(9) A s and from 2.4911(9) to 2.510(1) A s for 2 and 4, respectively, and the Ge angles are in the ranges from 105.22(2)3 to 119.816(3)3 and from 105.18(4)3 to 119.809(6)3 for the two compounds, respectively. Both Si}Si and Ge}Ge distances are somewhat longer than those in the pure elements, 2.352 A s for Si and 2.445 A s for Ge. Clearly, the reason for this is not the size of the cations since: (i) there is practically no change in the distances moving from Cs to Rb and (ii) the voids are larger than the alkali metal cations ( Table 6 ). The most likely reasons for the longer distances in the clathrates are (i) the 24 extra electrons per 136 network atoms and (ii) the distorted tetrahedral environment since the deviations from the ideal tetrahedral angle 109.473 are not negligible.
The extra electrons could be either delocalized over the four-bonded network or localized on the alkali metals. The latter are well separated in this structure, 5.2170(1), 6.1175(2), and 6.3859(2) A s for the closest Na}Na, Cs}Na, and Cs}Cs contacts, respectively, in 1; 5.4732(2), 6.4179(2), and 6.7033(3) A s for the closest Na}Na, Cs}Na, and Cs}Cs contacts, respectively, in 2; 5.2114(7), 6.1109(2), and 6.3826(2) A s for the closest Na}Na, Rb}Na, and Rb}Rb contacts, respectively, in 3; and 5.4751(2), 6.4201(3), and 6.7055(3) A s for the closest Na}Na, Rb}Na, and Rb}Rb contacts, respectively, in 4. Thus, no interaction between them should be expected (the metallic radii for Na, Rb, and Cs are 1.90, 2.48, and 2.67 A s , respectively) (36). Nevertheless, based on EPR and NMR experiments, some authors speculate that the &&system is better described in terms of encapsulated neutral alkali metal atoms, rather than one, containing Na> ions'' (16,23}25,37), i.e., systems with no electron transfer over the Si or Ge network but rather with isolated free alkali metal atoms. This conclusion seems to be applicable only to the nonstoichiometric phase Na V Si and only at low Na concentrations (x(9), since at higher Na concentrations insulator-to-metal transition occurs. Theoretical calculations using the full-potential all electron linear augmented plane wave method (FLAPW) indicate that, indeed, the sodium electrons are fairly localized at low alkali metal content (e.g., Na Si ) but are delocalized at higher alkali metal concentrations (e.g., full occupation of all sites Na Si ), due to signi"cant overlap between the Na and Si orbitals (38) . Thus, the extra alkali metal electrons in our case can be considered delocalized and partially "lling the silicon or germanium conduction bands, which, of course, are composed of predominantly Si}Si or Ge}Ge antibonding states. This is also in agreement with the fact that the observed distances are also longer than those theoretically calculated for the empty clathrate-II structures.
Due to the extra 24 electrons per formula, all four compounds should be metallic conductors. Our preliminary four-probe conductivity measurements (cold-pressed pellets) for Cs Na Si and Cs Na Ge were somewhat ambiguous and inconclusive (27) . The room temperature resistivities of the two samples were measured at ca. 48 and 52 m -cm, respectively, while the corresponding numbers at 50 K were 30 and 45 m -cm. Although indicating metallic behavior, the temperature dependence in both cases is very close to linear with slopes of 0.072 and 0.028 mcm/3C, respectively. Later, more accurate measurements were performed on single crystals and hot-pressed pellets of Cs Na Si . The numbers at room temperature were 30 and 90 -cm for a single crystal and a pellet, respectively, and clearly indicated a metallic state, which is in excellent agreement with the suggested electronic structure and stoichiometry. Four-probe measurements on two single crystals of Rb Na Si at room temperature gave an average of 80 -cm, which is nearly identical to the resistivity of the Cs analog, as expected. It was not possible to measure over a wide temperature range since at lower temperatures the resistivity of the sample dropped out of the range of sensitivity of the measuring device. The resistivities of the two Ge clathrates were measured on a hot-pressed pellet for Rb Na Ge and by the contact-free Q-method for Cs Na Ge . (The Q-method was also intended to serve as a reference for the four-probe measurements.) For the latter, the resistivity at room temperature was determined to be the order of 160 -cm, comparable with the resistivities measured for single crystals of the Si clathrates. The somewhat higher number is perhaps due to the numerous approximations such as assumptions for narrow particle size distribution and ideal spherical shape used for the calculations. The resistivity of the Rb Na Ge pellet at room temperature was 110 -cm. The results of the conductivity measurements are consistent with the temperature-independent Pauli The raw data for all measurements were corrected for the holder and for the ion-core diamagnetism of Na>, Cs>, Rb>, Si>, and Ge>. No superconductivity at low "elds (0.1}0.3 T) and low temperatures down to 2 K were found. These results are in agreement with previous measurements on Na Si and Na V Si (22, 24) . The Pauli-like temperature-independent paramagnetism and metallic conductivity of Cs Na Si , Cs Na Ge , Rb Na Si , and Rb Na Ge combined with the diamagnetic semiconducting behavior of the nonstoichiometric phase Na V Si prove that the alkali metal does not form an impurity band near the bottom of the framework conduction band. Rather, it supports the idea that there are strong charge-transfer interactions between the Si(Ge) and the alkali metal atoms, although the resulting structure can not be considered entirely ionic. Apparently, the involvement of the unoccupied p orbitals of the alkali metals in the empty states of the network becomes more important, as shown from theoretical calculations (14, 35, 38) .
As already discussed, the clathrates are considered promising thermoelectric materials because of the belief that &&the rattling of the doping atoms within the voids of the structure'' would improve their thermoelectric performance (31) . In the context of this idea, the larger equivalent isotropic displacement parameter for the alkali metals residing in the clathrate-II cages indicates larger mean-square displacement amplitude of the corresponding atom, averaged over all directions. This is in agreement with the fact that the sodium thermal parameters in the Ge clathrates are larger than those in the Si clathrates. Sodium has an ionic radius of 1.02 A s , which "ts the smaller cage for the silicon clathrates (r 5 +1.10 A s ) better than that of the germanium clathrates (r 5 +1.25 A s ). Also, the rubidium thermal parameters are larger than those of cesium in both the silicon and germanium structures. This, of course, should be expected since the lattice parameters for the Cs and Rb clathrates are nearly identical. Cs> with a radius of 1.70 A s "ts better in the larger cage than Rb> with a radius 1.49 A s for both silicon and germanium clathrates with vander Waals radii the large cage of 1.85 and 2.00 A s , respectively (Table 6 ). This also accounts for the larger thermal parameter for Cs in 2 than in 1. These oversized cages, with respect to the cations, are believed to be responsible for the good thermoelectric e$ciency as demonstrated for some clathrate-I phases (e.g., Sr Ga Ge ) (39) and some "lled skutterudites (mineral structures with voids, e.g., LaFe Sb ) (40) . For maximum performance (Z¹'1), high thermopower and high electrical and low thermal conductivity would be required. However, good conductors of electricity are usually good conductors of heat as well, whereas the thermopower reaches its maximum for small band-gap semiconductors. Therefore, the results from the four-probe conductivity measurements discussed above imply that clathrate-II will not have high thermopower at room temperature, similar to that of Na V Si (about!100 V/K) (22) or that of clathrate-I Sr Ga Ge (!320 V/K) (39), for instance. Figure 5 shows the thermopower of a coldpressed pellet of Cs Na Si versus the temperature. Indeed, the value at room temperature, !29 V/K, is clearly not favorable for high thermoelectric e$ciency. The slope, as expected, is negative, !0.07 V/K, and indicates n-type conductivity. Simple calculations show that to have Z¹51 at room temperature, our sample should have thermal conductivity of 40.8 W/m)K.
Why are there so many compounds with the clathrate-I structure and so few of clathrate-II structure? What is the reason for the preferred formation of one over the other? After all, as already pointed out, their stoichiometries are very similar, A¹t vs A¹t . For the gas and liquid hydrates, it is well known that the size of the guest and the available volume of the host determine which clathrate will form. The same, i.e., the relative sizes of the guest cation and the host cavity, play an essential role in the formation of intermetallic clathrates as well. Apparently, the electronic e!ects are not important since the A}¹t interactions are more or less purely electrostatic and similar for all alkali metals (except Li). Furthermore, since the ¹t}¹t distances are similar for both clathrate types and are independent of the size of the cation, the volume of the [5] polyhedra will be almost the same in both structures. Also, since there are two types of cages in each clathrate, two alkali metals will be preferred for their formation and stabilization. Therefore, the choice of cations with appropriate sizes and in appropriate ratios will be the product-directing factors. Thus, cations of only one size as in binary A}¹t systems stabilize the structure with cavities of similar sizes, i.e., that of clathrate-I, even when the reactions are designed to produce clathrate-II. Also, di!erent cations but with similar sizes will stabilize clathrate-I as well. The smaller sodium and potassium form clathrate-I with the smaller silicon and germanium, while the larger rubidium and cesium match with tin. Since the two types of cavities in clathrate-II are quite di!erent in size, on the other hand, its formation will be facilitated by a combination of cations with very di!erent sizes. The radius of the smaller cavity in Si and Ge phases is comparable only with the radii of Na> and Na> or K>, respectively. Both Rb> and Cs> are too large to be incorporated into these cages but they can "t well into the larger [56] -hexakaidecahedra. No single size cation can "t e$ciently enough in both cavities of clathrate-II. Bearing this idea in mind and moving one period down in group 14, one comes across Sn, where both cavities are large enough to be "lled with Rb> and Cs> but too large for Na> and therefore no Na}Rb}Sn and Na}Cs}Sn clathrates of both types shall be expected. We can speculate that tin will most likely form only clathrate-I, mainly with Rb and/or Cs. This structure would be more stable than clathrate-II since the size of the larger void in the latter is too big (r , which were identi"ed from both powder XRD and single crystals. There is considerable sensitivity to the cation size. Apparently, due to the quite similar sizes of the K and Rb cations, a wide degree of mixing occurs, which was con"rmed from the slightly shifted lines in the XRD powder patterns and in agreement with the results for the K}Cs}Sn systems (21) . The observation that the K cations are preferably located (about 2/3 of occupancy) within the small cavity in K Cs Sn while the Cs cations occupy the tetrakaidecahedra may also serve as proof of the above-discussed cation-size relations.
The composition Rb Cs Sn was also examined and yielded clathrate-I, as predicted, in nearly 100% yield. The crystals looked rather shiny and had a metallic luster rather than the &&dark gray appearance'' of the tin clathrates previously described. To our surprise they turned out to be also stable at ambient conditions, oxygen, moisture, etc., contrary to the initially suggested sensitivity. Selected crystals were soaked in water for more than 12 h and they retained their quality. Moreover, careful measurements of the positions of the lines in the powder pattern revealed a lattice parameter somewhat larger (a"12.200(1) A s ) than those of the previously reported Cs Sn , K Cs Sn , and Rb Sn with a"12.096(1), 12.084(1), and 12.054(1) A s , respectively. Single-crystal X-ray di!raction data were collected, and the structure was re"ned as a defect Cs}Sn clathrate-I structure with exactly two tin vacancies per formula, i.e., Cs Sn ᮀ (ᮀ"vacancy). The re"nements were entirely routine and revealed fractional occupancy for the Sn 6c site only (41) . The Sn}Sn distances in Cs Sn ᮀ are longer than those in Rb Sn ᮀ . The re"nement carried out with variable site occupancy of the 6c site resulted in 61(1) % site occupation for Cs Sn ᮀ compared to 77(2) % for Rb Sn ᮀ (21). Therefore, the corresponding formulas are Cs Sn vs Rb Sn . The resistivity of Cs Sn was measured on a cold-pressed pellet made from selected crystals. The room temperature value, 320 -cm, is consistent with the reported resistivity of K Cs Sn , 288 -cm (21) . It di!ers signi"-cantly from the resistivity of Cs Zn Sn , 52 m -cm (42), although both compounds are expected to exhibit similar properties typical for electronically balanced Zintl compounds. Apparently, substitution of the ¹t atoms with electron-poorer elements balances the charges more e$ciently than that in phases with vacancies. The estimated semiquantitative band gaps for K Cs Sn and for Cs Sn , E +0.25 and E +0.07 eV, respectively, either indicate di!erent carrier concentrations, implied from the slight di!erences in re"nement on the partially occupied Sn site, or might be attributed to experimental errors. Nevertheless, the measured temperature-independent diamagnetism of the Cs Sn at a "eld of 3-T down to a temperature of 10 K con"rms the structure re"nement and the suggested stoichiometry Cs Sn ᮀ , which had been previously reported as Cs Sn (43) . The clathrate-I phases with vacancies are typical for the binary and pseudo-binary A}Sn systems, while as already discussed, clathrate-I compounds of Si and the alkali metals are believed to be &&defect-free'' (16) . Germanium clathrates are somewhat on the border line and the structure}proper-ties relations for the A}Ge systems are still questionable. To clarify the electronic structures and the properties of the binary A}Ge clathrates-I and to compare them with those of the A}Si and A}Sn clathrates, we tried to synthesize the binary K Ge from pure elements. Unfortunately, all attempts were unsuccessful. However, a reaction carried out in Ga #ux readily produced K Ga Ge with a clathrate-I structure in high yield and good crystal quality. Data were collected and the structure was re"ned routinely without fractionally occupied network sites. Since Ge and Ga cannot be distinguished, the stoichiometry K Ga Ge was deduced from the fact that the unit cell parameter (a"10.7706(5) A s ) (44) was invariant with respect to the amount of Ga loaded. Furthermore, the unit cell is slightly larger than the unit cell of K Ge (a"10.71 A s ) (11) but compares well with the cell parameters of K Al Ge (45) and K In Ge (46), a"10.785(1) and 11.033(2) A s , respectively. Also, four-probe resistivity measurements on a coldpressed pellet gave +0.37 -cm and its temperature dependence clearly indicated a semiconducting state.
CONCLUSIONS
For the "rst time, large single crystals of Cs Na Si , Cs Na Ge , Rb Na Si , and Rb Na Ge clathrate-II compounds have been synthesized from pure elements. The rational synthesis is reproducible and quantitative. The structures of these four compounds were elucidated with high accuracy from single-crystal X-ray di!raction data and the re"nements unambiguously con-"rmed the "rst &&defect-free and fully stu!ed'' clathrate-II structures. The measured transport and magnetic properties are consistent with the suggested ideal clathrate-II stoichiometry and indicate that these compounds do not have a future as thermoelectric materials. Our report on the clathrate exploration also adds some more information on the structural chemistry of silicon and germanium and tin at negative oxidation states. Thus, until now, in the systems alkali metal(s)}silicon, alkali metal(s)}germanium, and alkali metal(s)}tin, proven to exist by single-crystal X-ray di!raction, are ¹t\ tetrahedra, ¹t\ deltahedra (monocapped square antiprisms or tricapped trigonal prisms) (47), ¹t\ clathrate alike chiral chains, and clathrate-I (21) and clathrate-II frameworks, formally ¹t\ and ¹t\ in type I and type II, respectively.
